We study the phase behavior of oppositely charged equal-size hard spheres both theoretically and experimentally, using Monte Carlo simulations and confocal microscopy. In the simulations, two systems are considered: the restricted primitive model (RPM) and a system of screened Coulomb particles. We construct the phase diagrams of both systems by computer simulations and predict a novel solid phase that has the CuAu structure. In addition, the CuAu structure is observed experimentally in a system of oppositely charged colloids. The qualitative agreement between the RPM, the screened Coulomb system, and the experiments shows that colloids form a suitable model system to study phase behavior in ionic systems. DOI: 10.1103/PhysRevLett.96.018303 PACS numbers: 82.70.Dd, 61.50.Ah, 64.70.Kb, 81.30.Dz A basic understanding of phenomena like gas-liquid condensation or freezing of atoms and molecules can be often acquired by studying model systems, in which the interactions between the particles are simplified to the bare minimum. For instance, hard spheres are often used to represent systems with repulsive interactions [1], whereas charged hard spheres are commonly employed to model ionic systems. The simplest and best-known model for the latter is the restricted primitive model (RPM), which consists of a binary mixture of equal-size hard spheres suspended in a uniform continuum solvent, half of which carry a negative and the other half a positive charge of equal magnitude. In the past, the phase behavior of the RPM has been studied extensively [2 -5], and the global phase diagram, which includes fluid, CsCl, face-centered-cubic (fcc) disordered, and ''tetragonal'' phases, has been constructed. Interestingly, all these phases, except the tetragonal phase, have recently also been observed experimentally in a system of oppositely charged colloids [6, 7] . The phase behavior of this system can be understood on the basis of screened Coulomb potentials, in which the screening is due to the presence of co-and counterions in the solvent. In this Letter, we present experiments on oppositely charged colloids that display a novel crystal structure where the particles are arranged in a CuAu-type crystal. In order to check the stability of this structure, we calculate the phase diagram of particles interacting via screened Coulomb potentials, and reexamine the phase behavior of the RPM. We find that the two phase diagrams are qualitatively similar, and, more importantly, that both contain the novel CuAu structure.
A basic understanding of phenomena like gas-liquid condensation or freezing of atoms and molecules can be often acquired by studying model systems, in which the interactions between the particles are simplified to the bare minimum. For instance, hard spheres are often used to represent systems with repulsive interactions [1], whereas charged hard spheres are commonly employed to model ionic systems. The simplest and best-known model for the latter is the restricted primitive model (RPM), which consists of a binary mixture of equal-size hard spheres suspended in a uniform continuum solvent, half of which carry a negative and the other half a positive charge of equal magnitude. In the past, the phase behavior of the RPM has been studied extensively [2 -5] , and the global phase diagram, which includes fluid, CsCl, face-centered-cubic (fcc) disordered, and ''tetragonal'' phases, has been constructed. Interestingly, all these phases, except the tetragonal phase, have recently also been observed experimentally in a system of oppositely charged colloids [6, 7] . The phase behavior of this system can be understood on the basis of screened Coulomb potentials, in which the screening is due to the presence of co-and counterions in the solvent. In this Letter, we present experiments on oppositely charged colloids that display a novel crystal structure where the particles are arranged in a CuAu-type crystal. In order to check the stability of this structure, we calculate the phase diagram of particles interacting via screened Coulomb potentials, and reexamine the phase behavior of the RPM. We find that the two phase diagrams are qualitatively similar, and, more importantly, that both contain the novel CuAu structure.
Our simulations consist of N spheres with a diameter in a volume V, half of which carry a positive charge Ze and the other half a negative charge ÿZe. We assume the Derjaguin-Landau-Verwey-Overbeek (DLVO) screened Coulomb pair potential, which is written as [8] 
where the sign depends on the particle charges, r is the distance between the particles, B e 2 = s k B T is the Bjerrum length, s is the dielectric constant of the solvent,
8 B salt p is the inverse Debye screening length, and salt is the salt concentration. van der Waals forces are negligible in our system [6] . We define a packing fraction 3 N=6V and a reduced temperature T 1 =2 2 =Z 2 B that is the inverse of the contact value of the potential in Eq. (1). The RPM is achieved by setting 0, because then the screened Coulomb potential in Eq. (1) reduces to the Coulomb potential and T to the dimensionless temperature of Refs. [2 -5] .
We performed Monte Carlo (MC) simulations with the potential in Eq. (1) using the canonical (NVT) ensemble and periodic boundary conditions [9] . The interactions were truncated at one half of the smallest box side length, L min . In the case of the RPM, we used the Ewald summation method [9, 10] with k-space cutoff at k cut 10=L min . Our Ewald summation method was tested to reproduce the Madelung energies in Ref. [4] for the CsCl, CuAu, and tetragonal structures. We did our simulations for the screened Coulomb particles at an inverse screening length 6, which approximately corresponds to our experimental system (see below). We looked for possible crystal structure candidates by a simulated annealing method similar to that used in Ref. [4] , but included also MC moves that change the shape of the simulation box and performed the runs at various packing fractions below close packing. The same crystal phases were found as the ones reported in Ref. [4] : CsCl, fcc disordered, tetragonal, CuAu, and the hexagonal-close-packed (hcp) counterparts of the tetragonal and CuAu structures. We found that the hcp-CuAu phase is metastable with respect to CuAu, and that the free energy of the hcp-tetragonal phase is, within our error estimates, equal to the tetragonal phase, but definitely becomes metastable at close packing. The overall symmetry (of both the positive and the negative particles) of a CsCl-type crystal is body-centered cubic (bcc) and the substitutional order is shown in Fig. 1(a) . In the tetragonal phase, the overall symmetry is face-centered tetragonal (fct) and the substitutional order can be described by two fct cells on top of each other, as shown in Fig. 1(b) . The fcc disordered phase has no substitutional order and the two particle species sit on an fcc lattice. Finally, in the CuAu structure, the overall crystal symmetry is fct and the oppositely charged particles are arranged in alternating layers as shown in Fig. 1(c) . We found that the CsCl-CuAu transition is a weakly first-order martensitic phase transition [11] and, therefore, we defined an order parameter a=c, which is the ratio of the CuAu unit cell side lengths; see Fig. 1 (c). In order to understand this martensitic transition, it is useful to consider the tetragonal cell of the CuAu structure shown in Fig. 1(d) . In Fig. 1(d) , the dark (red) particle corresponds to the center particle of the CsCl unit cell in Fig. 1(a) . The CuAu to CsCl transformation occurs by a continuous deformation of the tetragonal cell from a=c 1 to a=c 2 p , where the cell has become cubic. To distinguish between the two structures, we define the threshold value to be in between, i.e., a=c 1 2 p =2 1:2. The phase diagrams were determined from the Helmholtz free energies that were calculated for the fluid, CsCl, CuAu, and tetragonal phases using thermodynamic integration methods [9, 12] . In the thermodynamic integration of the fluid phase, we used the hardsphere fluid as a reference state, whereas in the solid phases, the reference state was the Einstein crystal. The numerical integrations were done using a 10-point Gaussian quadrature and the ensemble averages were calculated from runs with 40 000 MC cycles (attempts to displace each particle once), after first equilibrating the system during 20 000 MC cycles. For the CuAu and tetragonal crystals, a tetragonally shaped simulation box was used. We determined the shape of the simulation box in a separate MC run with additional shape moves that change the side lengths of the box while conserving the volume.
Experimentally, we established a system of oppositely charged particles by preparing salt-containing mixtures of differently labeled fluorescent polymethylmethacrylate (PMMA) colloids in a mixture of cyclohexyl bromide (Fluka) and cis-decalin (27:2 w=w, Sigma-Aldrich), as described in [6] . This solvent mixture nearly matches the density and refractive index of the particles and has a dielectric constant of s 5:59 ( B 10 nm). The particles were made by dispersion polymerization, covalently labeled with the fluorophore 7-nitrobenzo-2-oxa-1,3-diazol (NBD) or rhodamine isothiocyanate (RITC) and sterically stabilized with poly-12-hydroxystearic acid [13] . The NBD-and RITC-labeled particles had diameters of 1:98 and 2:16 m, respectively, i.e., the size ratio was close to unity (0.92). The size polydispersity was in both cases 3%, as determined with light scattering and electron microscopy. The suspensions were 1:1 number density mixtures at an overall packing fraction 0:30. The particle charge and the range of the electrostatic interactions were tuned by adding 190 M of the salt tetrabutylammonium bromide (Sigma-Aldrich). Under these conditions the NBD-labeled particles were negatively charged, whereas the RITC-labeled particles were positive. We estimated 8 2 from conductivity measurements on the particle-free solvent mixture (with a Scientifica 627 conductivity meter) and applying Walden's rule [14] . We used 2.217 cP for the viscosity of the solvent mixture (measured at 25 C with a Schott ViscoSystem). In our previous work, we determined the charges of the same particles, but under conditions at which they formed CsCl-type crystals [6] . We then found charges of 110 e and ÿ75 e; i.e., the charge ratio is close to unity ( 1:5). Although we could not determine the exact electrophoretic mobilities of the particles in the dense suspensions investigated here, semiquantitative observations indicate that the charges were likely lower. Therefore, we estimate the reduced temperature to be T 0:6 in the present experimental system. Figures 2 and 3 show the theoretical phase diagrams of the RPM and the screened Coulomb particles, respectively, in the packing fraction -reduced temperature T representation. The phase coexistence regions were determined from the Helmholtz free energies using a common tangent construction. In Fig. 2 , we only calculated the CsCl-CuAu and CuAu-tetragonal phase lines, as the other parts of the phase diagram are known from earlier work [5, 15, 16] . In Fig. 3 , the weakly first-order tetragonal/CuAu-fcc disordered phase line [17] was obtained from the jump in the internal energy U that occurs when crossing the phase boundary [4] . The same method was also used for the CsCl-fcc disordered phase transition, although the order 
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018303-2 of this phase transition has not yet been well characterized. Qualitatively, the two phase diagrams are quite similar. Both have a fluid phase in the low packing fraction region, a fluid-fcc disordered phase coexistence in the high temperature-high packing fraction region, a broad gasCsCl phase coexistence in the low temperature region, and, in the intermediate temperature region, a sequence of CsCl, CuAu, and tetragonal phases with increasing packing fraction. A comparison between the two phase diagrams shows that screening enlarges the CuAu region. In the RPM phase diagram, the CuAu phase forms a narrow pocket that has a low-T triple point and seems to close up before reaching the fcc disordered region. In the screened Coulomb phase diagram, however, the CuAu pocket is broad and extends from T 0 all the way to the fcc disordered region at T 1:2. This makes it possible to observe CuAu-fcc disordered phase coexistence, which may explain the experimental observations (see below). We like to point out that the RPM and the screened Coulomb phase diagrams display a slightly different behavior in the T ! 0 limit: although both exhibit a broad gas-CsCl coexistence at < 0:68, at higher the RPM has a stable tetragonal phase, whereas the screened Coulomb system has a stable CuAu phase, only to be followed by the tetragonal phase at * 0:73. Screening also affects the stability of the gas-liquid critical point. The RPM has a stable gas-liquid critical point at T 0:05, but in the screened Coulomb phase diagram, the critical point is metastable with respect to the gas-CsCl phase coexistence; see Fig. 3 . According to our preliminary results, the gasliquid critical point of the screened Coulomb system is stable at & 4; see also [18] .
We studied our system of oppositely charged colloids by means of confocal laser scanning microscopy. Figure 4 shows a selection of representative confocal images, where the packing fraction is 0:58 0:04. The crystalline structures were observed within 18 days after sample (4), fluid-tetragonal (), and fcc disordered-tetragonal (ᮀ) are from Ref. [5] . Gas-liquid phase envelope (5) is from Ref. [16] and liquid points (᭠) are from Ref. [15] . The circles () and diamonds (᭛) mark the CsClCuAu and CuAu-tetragonal phase transitions, respectively. The black circles (᭹) mark the position of the triple points and the gray areas denote the coexistence regions where tie lines are horizontal. The lines are guides to the eye. preparation and they remained stable for months. In order to check that they indeed consist of oppositely charged particles, we subjected them to a static external electric field (7:5 V=mm) . This caused the two particle species to move in opposite directions, thereby melting the structures. Figures 4(a) and 4(b) show the CuAu phase in the presence of a random-hexagonal-close-packed (rhcp) disordered phase. The CuAu structure is easily recognized as it has alternating stripes of dark (red) and bright (yellow) particles that make up the 111 hexagonal plane [with respect to the orientation of the unit cell shown in Fig. 1(c) ]. Remarkably, whereas the CuAu crystallites were strictly fcc, the substitutionally disordered structures were rhcp. Note that on the basis of hard spheres, one expects to see rhcp because of the small free energy difference between fcc and hcp crystals [19] . The simultaneous observation of the CuAu and fcc disordered phases agrees with the screened Coulomb phase diagram in Fig. 3 , in which we find the CuAu and fcc disordered phases connected by a weakly first-order phase line. Unfortunately, a more quantitative comparison between the simulations and the experiments is difficult as it is not known whether the experimentally observed structures are in equilibrium, and the experimental values of and T are not known accurately. However, the relatively low packing fraction ( 0:58) of the observed CuAu phase and the presence of the rhcp disordered phase point towards the intermediate temperature region of the phase diagram in Fig. 3 where T 1. Thus, the experiments fall in between the energy (T 1) and entropy (T 1) dominated limits. Fig. 4(g) ], the 100 plane consists of alternating layers of oppositely charged particles. Finally, we like to point out that the crystalline structures described above consisted of approximately 10 layers of particles and always formed near the bottom of the sample cell. This means that these structures need a higher osmotic pressure to form.
To conclude, we constructed the phase diagram of screened Coulomb particles and reexamined the phase behavior of the RPM. We showed that the two phase diagrams are qualitatively similar, and more importantly, that both contain a novel solid phase which is analogous to the CuAu structure. We also observed the CuAu structure in our experiments with oppositely charged colloids, which can be seen as an experimental realization of screened Coulomb particles. The fact that the experimental system is in the intermediate temperature region (T 1), that is, between the energy and entropy dominated limits, makes the observations of the CuAu structure even more interesting. It shows that a novel solid phase, distinct from the previously proposed CsCl, NaCl, and fcc disordered phases [6, 7] , can be found in this region. This has important implications for the search for new binary structures, which for oppositely charged colloids has so far only been carried out at zero temperature and zero pressure [20] . Furthermore, our results demonstrate that oppositely charged colloids can give insight into the phase behavior of the RPM, and show that colloids can be used for detailed studies, on the single particle level, of ionic phase transitions.
